Offshore wind farms (WFs) with significant capacities have been installed recently all over the world. In order to transmit the WF power to the onshore grid, high voltage direct current (HVDC) transmission system is appropriate technology. This paper analytically studies the impact of system parameters, controllers and operating conditions on the dynamic behavior of HVDC transmission systems based on three-level neutral point clamped voltage source converters (VSC). Also, it investigates modeling, control and stability analysis of VSC-HVDC system connected to the offshore wind farms. The VSC-HVDC system comprises offshore and onshore converters and high voltage dc transmission lines. The paper extracts VSC-HVDC system dynamics at the dc-side and argues the interaction between onshore converter control and HVDC transmission line dynamics. Moreover, the paper presents controller design for the dc-link voltage regulation by the onshore converter and examines the impacts of HVDC line length and dc voltage control bandwidth (BW) on the system stability by the modal analysis and time domain simulations.
Introduction
Offshore wind farms have many advantages over traditional onshore wind farms. Namely, the availability of higher wind speed, simplicity of high wind power transmission, and limited available inland locations to install new wind farms in some countries make offshore wind farms a promising alternative [1] . Hence, offshore wind farms had significant growth in recent years. 3.148 GW of offshore wind power capacity was connected to the grid during 2017 in Europe. This corresponds to 560 new offshore wind turbines across 17 wind farms [2] . Also, 1.558 GW of new offshore wind power capacity was connected to the grid during 2016 in Europe and this is a 48.4% decrease compared to 2015 [3] .
In order to facilitate the transfer of large electrical power generated by offshore wind farms to the grid, HVDC system plays an important role. Multilevel voltage source converter (MVSC) topologies have received raised attention in recent years for the connection of offshore wind power to the local grid [4] . HVDC system with fast and flexible power flow control provides electrical grid reliability and security. In addition, offshore wind farms are usually located far from the local grid. Therefore, the power produced by offshore wind farms needs long transmission lines to transmit the generated electricity to the consumers. For such offshore grid, application of highvoltage alternating current (HVAC) technology is not possible, because with the increase in transmission distance, the reactive power flow will be higher due to line capacitances, which will result in large line losses [5] [6] [7] . Therefore, HVDC transmission line is considered a key technology for this purpose. The main feature of transmission system based on VSC-HVDC is its ability for independent control of active and reactive power flow in each of the AC grids as addressed in [8] [9] [10] [11] [12] .
In last few years, HVDC transmission systems were based on current source converters (CSCs). CSC uses linecommutated switching device which has some limitations. For example, it needs reactive power compensation devices resulting in a bulk converter station. Modern HVDC transmission systems employ VSCs which use selfcommutated devices. This means that in VSC, the current can lead or lag the ac voltage, so the converter can consume or supply reactive power to the connected ac grid eliminating the reactive power compensation devices [13, 14] . Furthermore, higher switching frequency of pulse-width modulation (PWM) reduces the filtering requirements and power flow can be reversed without the need to reverse the dc-link voltage. All these advantages show that the VSC is an appropriate option for HVDC transmission systems.
Several papers have dealt with the modeling, control and performance analysis of the VSC-HVDC systems connected to offshore wind farms. Paper [15] deals with the operation and control of an offshore wind farm connected to an HVDC system, and adopts a fuzzy logic controller for the offshore VSC station. In this paper, stability of the HVDC system under developed control schemes is dynamically and transiently investigated. In [16] , modal and stability analysis of a VSC-HVDC based offshore wind farm is presented to study the nature of different oscillatory modes that are present in the wind farm system. However, [15] [16] do not examine the impact of HVDC system parameters on system stability. [17] deals with the coordinated control of VSC-HVDC system in order to inertia support of the main grid. The inertia support is performed through utilization of wind turbine inertia together with the HVDC system capacitors. In this article, studies are carried out for a wind farm connected to an HVDC considering sudden load variations to compare and demonstrate the effectiveness of the control strategies. The stability of the HVDC system and the factors affecting it have not been investigated in this paper. Also, [18] deals with the integration of a DFIG based offshore wind farm to a weak onshore grid through VSC-HVDC transmission system by using a new approach, known as power-synchronization method. In this paper, onshore and offshore faults are considered and the fault-ride through techniques are presented, but the impact of grid short-circuit power on the dc-link dynamic stability of the system has not been discussed. In [19] , a new configuration for the voltage source converter of the VSC-HVDC system is proposed to enhance the low voltage ride-through capability and smooth power injection to the grid. This article does not investigate the impact of grid short-circuit power and VSC-HVDC system parameters on VSC-HVDC system stability. In [20] , a flywheel energy storage system is implemented for LVRT support of grid connected VSC-HVDC based offshore wind farms. The purpose of this Ref. is to provide a reliable VSC-HVDC transmission system architecture between offshore wind farms and onshore grids. Hence, according to the reviewed papers related to the VSC-HVDC based wind farms, less analytical researches have been published regarding the system parameters and variables affecting the DC side stability. This paper deals with the modeling, control and stability analysis of VSC-HVDC system connected to offshore wind farms. The system under study comprises two 90 MW wind farms connected to onshore grid via VSC-HVDC transmission system, where each wind farm includes forty five 2 MW PMSG based wind turbines. In this way, the paper first deals with the control of the offshore and onshore converters and then mathematical modeling of the VSC-HVDC system and dc-link dynamics is presented. The offshore converter provides three-phase voltage with constant voltage and frequency and transmits the wind farm delivered power to the VSC-HVDC system. The onshore converter regulates the dc-link voltage and exchanges reactive power with the onshore grid.
Next, the paper examines the impacts of HVDC transmission line length and dc-voltage control bandwidth on the system stability by the modal analysis and time domain simulations. Also, the paper investigates the impact of onshore grid short circuit power on the dc-link dynamic stability.
Hence, the main purpose of this article is to study the stability of the dc-link dynamics in VSC-HVDC system and examine the impacts of the HVDC transmission line length and dc-voltage control bandwidth on the dc side stability by the modal analysis and time domain simulations. Fig. 1 shows the layout of the study system that includes onshore grid, transformers, converters, dc cables and wind farms. In the system under study of Fig. 1 , two wind farms with a capacity of each 90 MW power generation are separately connected to VSC-HVDC transmission system. The HVDC transmission line parameters for this system are given in Appendix A (Table A1 ). Each wind farm includes forty five 2 MW full scale converter wind turbines with 690 V rated voltage. Onshore grid is a 230 kV, 2000 MVA and 50 Hz AC system modeled by an ideal voltage source in series with R-L impedance, where the grid impedance angle at 50 Hz is equal to 80 o .
Under study system Layout
There are several possible converter arrangements in an HVDC transmission system, which based on the number of converters used at each terminal, can be divided into monopole and bipolar configurations. In monopole configuration, only one converter is used at each end of the network. Because of this characteristic, this method is more cost effective, while the bipolar configuration employs two converters at each terminal. On the AC side they are powered either by two different transformers, or by a transformer with two secondary windings. Monopolar configurations are divided into symmetric monopole, asymmetric monopole with metallic return and asymmetric monopole with ground return configurations [21, 22] . The under study system in this paper is based on symmetric monopole HVDC line configuration.
Among the different types of voltage source converters (VSCs) such as two-level, three-level and modular multilevel converter (MMC), the three-level VSCs with switching frequency of 1350 Hz are used as the offshore and onshore converters. A 20 kV /100 kV transformer is used between the wind farm grid and offshore converter, and a 100 kV /230 kV transformer is used between the onshore converter and onshore grid. At the ac sides of both onshore and offshore converters, phase reactors with the size of 0.15 pu (0.0477 H) are used. In most cases like this, cross-linked polyethylene (XLPE) cables are used in VSC-HVDC transmission systems. XLPE has many benefits such as strong mechanical strength, flexibility and low weight. The XLPE cable is mainly composed of conductor, insulation, water barrier, armouring and outer sheath [23] .
Offshore and onshore converters control
Generally, there are two main converters in the wind farm VSC-HVDC system known as offshore and onshore converters. By offshore converter, AC voltage with fixed amplitude and frequency will be provided for the wind farm offshore grid. The offshore converter absorbs power produced by offshore wind farms installed in the sea and transmits it into HVDC transmission system. At the end of HVDC line, active power will be transferred to the ac onshore grid by the onshore converter.
Offshore converter controller
There are several ways to control the offshore converter. A simple method is direct control of AC voltage magnitude that is used in [24] and [25] . Fig. 2 shows a block diagram of offshore converter control. In this figure, there is an AC voltage direct control loop keeping the amplitude and frequency of the AC bus voltage constant, through modulation index (M).
This control method has some restrictions, such as [26] : (1) there is no current loop control, thus limiting the converter current is difficult (2) the controller parameters have a great impact on the behavior of the offshore converter, and in the event that the controller is not adjusted properly, there will be some transients at system response. In order to overcome these limitations, this article uses cascaded controllers including inner current control loop and outer voltage control loop. By the outer voltage control loop, the reference current for the inner current control loop is provided. The inner current control loop determines the converter output voltage in a manner that provides voltage with suitable frequency and amplitude for offshore AC grid. These controllers are PI type and are implemented in the dq synchronous reference frame. Fig. 3 shows the offshore converter and wind farm connected to the offshore AC grid.
Dynamic equations of the offshore converter in the dq-reference frame are given as follows:
(2)
where v Gd and v Gq represent the dq components of the offshore grid voltage, i OWFd and i OWFq denote the dq components of the offshore wind farm current, i d and i q are the dq components of offshore converter output current, v d and v q represent the dq components of the offshore converter output voltage, ω is the fundamental frequency of the offshore converter, and C f and L f represent the capacitance and inductance of the converter interface LC filter. In the following, the inner current and outer voltage control loops of the offshore converter are presented. Figures 4(a) and 4(b) show the inner dq current control loops of the offshore converter, where v d and v q as the offshore converter output voltages are given by:
where k i1 and k p1 are the PI controller parameters. It is noted that in Figs. 4(a) and 4(b), the terms Gd v , , where sw  denotes the conveter switching frequency. For the system under study,  is selected equal to 2 100   rad/sec or 100 Hz. The dq voltage controllers provide the reference currents i d * and i q * as given below:
where k i2 , k i3, k p2 and k p3 are PI controllers parameters.
In the control loops of Figs. 5(a) and 5(b), the terms OWFD i , More details for the design of the inner and outer loop controllers are available in [27] . Figure 6 depicts the overall control block diagram of the offshore converter.
Onshore converter controller
Under normal operating conditions, the purpose of the onshore converter control is the dc-link voltage regulation that enables power transmission from the wind farm to the grid. Onshore converter can also exchange reactive power with the onshore grid. Figure 7 shows the onshore converter connected to the onshore grid through the interface R g -L g filter.
The dynamic model of the onshore converter in the dq synchronous reference frame is given as:
where U q and U d are the converter output voltages, U Gd and U Gq are onshore grid voltages, i gd and i gq are converter output currents, L g and R g represent the interface filter inductance and resistance, and ω is the onshore grid frequency. To facilitate the controller design, the d-axis is adapted to the onshore grid AC voltage and q-axis is 90° ahead of the d-axis, and thus, U Gd =U G and U Gq =0 and task of i gd is the DC-link voltage regulation, and task of i gq is regulation of reactive power injected to the onshore grid. Similar to the offshore converter, the onshore converter is controlled by the cascaded control approach comprising the inner current control loops, and outer DC-link and reactive power control loops. Figures 8(a) and 8(b) show the onshore converter inner current control loops. Also, Fig. 9 depicts the overall control scheme of the onshore converter comprising the outer DC-link voltage and reactive power loops. Considering Fig. 9 , the dq reference currents i gd * and i gq * are given as:
where k pdc1 , k pdc2 , k idc1 and k idc2 are the PI controllers parameters.
Stability analysis of VSC-HVDC grid and onshore converter controller
This section deals with the stability analysis of the system at the DC-side and DC-link voltage controller design for the onshore converter. Since controller parameters affect on the DC grid dynamics of the HVDC system, after controller design, dynamic analysis of the DC grid is also performed. In this way, state equations of the HVDC system are extracted and impacts of the DC-link control bandwidth, length of HVDC transmission line and short circuit power of the onshore AC grid on the stability and performance of the HVDC system are examined. Figure 10 shows the structure of the VSC-HVDC system used in the system under study of Fig. 1 , which is a symmetrical monopole VSC-HVDC system. For analysis and modeling of the DC-side dynamics, the equivalent model shown in Fig. 11 can be used that is an asymmetric monopole model with the ground return. In Fig. 10 , cables of the HVDC transmission system are modeled by the π model. Each onshore or offshore converter has C 1 and C 2 capacitors in the DC-side. Onshore converter through the inductive filter with L g inductance and R g resistance is connected to the AC grid. Also offshore converter is connected to the wind farm through LC filter. In Fig. 11 , P 1 =P t1 / 2, P 2 =P t2 / 2, where according to Fig. 10 , P t1 and P t2 are the offshore grid output power and onshore grid input power, respectively.
State equations of the open loop VSC-HVDC system
In order to extract state equations and modal analysis of the HVDC system, the equivalent model of the DCtransmission link given in Fig. 11 is considered. Considering Fig. 11 , simplified model of the VSC-HVDC system of Fig. 11 is obtained as depicted in Fig. 12 . where C t1 =C 1 +C p /2, C t2 =C 2 +C p /2. According to the Fig. 12 , state equations of the DC-side are given by: 
where Δ denotes the small deviation around the operating point. In (14) , Δ i1 and Δ i2 are given as 10 7 In the mentioned state equations of Eq. (15), ΔP 2 is the control input used to regulate V dc2 at the desired value and ΔP 1, also acts as the disturbance. From Eq. (15) , the open loop transfer function G(s) from -ΔP 2 to ΔV dc2 is given by: 
Transfer function of Eq. (16) can be represented as depicted in Fig. 14: Similarly, the transfer function from ΔP 1 to ΔV dc2 can be written as follows: 11 3 2,0 2 32
In Eq. (16) . Considering Fig. 10 and neglecting the onshore converter losses, the power injected to the onshore grid is given by
In Fig. 11 , P 2 = P t2 / 2 and thus we have
To obtain ΔP 2 in Eq. (19) , it is assumed that the onshore grid is sufficiently stiff and ΔV gd ≈0. According to Eq. (16) and Eq. (19) and Fig. 14, the closed loop control system of the DC-link voltage at the onshore side is obtained as depicted in Fig. 15 .
The transfer function G(s) in Fig. 15 is the one presented in Eq. (16) . If the impacts of the HVDC transmission line dynamics on the DC-link dynamics of the onshore converter is ignored, the transfer function G(s) will be changed to the simple form of Eq. (20) . 
DC-link voltage control design
As previously mentioned, the task of the onshore converter is regulation of the DC-link voltage in the reference value and transferring the wind farms power to the onshore AC grid. There are two approaches for selection of the DC-link controller parameters: a) Considering the simple transfer function of Eq. (20) without taking the HVDC transmission line dynamics into account. b) Considering the whole system dynamics and using the transfer function of Eq. (16) . Since the first approach is easier, in this section DC-link controller is designed based on the simple transfer function of Eq. (20) . Fig. 16 shows the closed loop block diagram of the DC-link voltage control at the onshore converter side using the simple transfer function.
After selection of the DC-link controller parameters, stability and performance of the whole HVDC-side dynamics are investigated for the mentioned controller.
In Fig. 16 , since the inner current control dynamics is much faster than the outer DC-link voltage control, the term α/(s+α) can be replaced with 1. Consequently, the closed loop transfer function of Fig. 16 (Table A1) and 100 km HVDC transmission line, are obtained as k pdc = 0.011 and k idc =0.69.
Small signal stability analysis of the VSC-HVDC system
At this section, impact of DC-link controller and DC transmission line length on the HVDC system stability is investigated. State equations of the HVDC side dynamics considering the outer DC-link voltage controller and inner d-axis current dynamics are given by: 
By substituting (24) in (23), we have 
Modal analysis shows that the dc-link control bandwidth and HVDC transmission line affect the system dynamics. Modal analysis results for the different DC-link control bandwidths and HVDC transmission line lengths briefly are presented in Table 1 .
It is clear that at the line length equal to 100 km, the DC-link voltage of the system is stable at all DC-link control bandwidths from 10 to 50 Hz. The results of the analysis show that the stability of the system is more affected at the lower bandwidths. Also, modal analysis shows that increasing the line length while keeping the dc-link control bandwidth constant, results in the modes with lower stability margin. Fig. 17 shows the bode diagram of the DC-link control loop gain at 150 km transmission line length and for DC-link control bandwidths of 10 and 20 Hz. According to Fig. 17 , at 150 km line length and for DC-link control bandwidths of 10 and 20 Hz, the phase margin is negative and the closed loop DC-link dynamics is unstable.
Simulation results
This section deals with the time domain simulation of the system under study of Fig. 1 . The effects of the HVDC transmission line length and DC-link control closed loop bandwidth on the stability and performance of the HVDC system and the impact of short circuit power of the onshore AC grid on the DC-link voltage dynamics are examined by simulation results. Figs. 18 and 19 show the offshore and onshore converter responses at V w =12 m/s, transmission line length of 100 km and DC-link control bandwidth of 50 Hz. Fig. 18 shows the output real power of the offshore converter (transferred to the onshore converter), reactive power exchanged by offshore converter and DC-link voltage of the offshore converter V dc1 . According to Fig. 18(a) , 145 MW active power is transferred to the HVDC system by the offshore converter. Fig. 18(b) specifies that the reactive power exchanged between the converter and offshore AC grid is close to zero. DC-link voltage of offshore converter compared to the neutral point that is fixed on 1 pu is shown in Fig. 18(c) . Fig. 19 shows DC-link voltage of the onshore converter V dc2 and output active power of the onshore converter injected to the grid. According to Fig. 19(b) , 130 MW active power is delivered to the onshore converter, and thus there is 15 MW power loss in the HVDC transmission line. Considering Fig. 19(a) , the DC-link voltage in the onshore converter is stable and has been set to its reference value. According to Figs. 18 and 19 , the system response is stable and this is in agreement with the modal analysis results. Figure 20 shows the DC-link voltage of the onshore side for different values of DC-link voltage control bandwidths and at transmission line length of 150 km. It is clear that for the DC-link bandwidths of 10 Hz and 20 Hz, the system is unstable as mentioned in the modal analysis.
Effects of the HVDC transmission line length and DC-link control closed loop bandwidth on the HVDC system

Effects of onshore grid short circuit power on the DC link voltage dynamics
In the simulation results of Figs. 18-20 , the short circuit power (S sc ) of the onshore grid was considered equal to 2000 MVA. In this section, the HVDC line length is considered 100 Km and the DC-link control bandwidth is selected equal to 50 Hz, and then effect of onshore grid short circuit power (S sc ) on the DC-link stability is examined. Figure 21 shows the DC-link voltage at the onshore side under four different values of onshore grid short circuit power, i.e. 2000 MVA, 1000 MVA, 500 MVA and 200 MVA.
As depicted in Fig. 21 , by weakening the AC onshore grid, the DC-link dynamics moves toward the unstable state. According to Fig. 21 , at S sc =500 and 200 MVA, the DC-link voltage response is oscillatory and unstable.
Conclusion
This paper deals with the study, modeling and control of VSC-HVDC system connected to offshore wind farms and addresses some issues regarding the factors affecting the stability of the system under study. In this way, theoretical and mathematical expressions regarding the control and modeling of the VSC-HVDC connected wind farm is presented. Then, by the modal and frequency response analysis and time domain simulations, the impacts of the DC-link control bandwidth, the HVDC line length and the onshore grid short circuit power on the system stability examined. Consequently, by increasing the HVDC line length and reducing the DC-link voltage bandwidth, the system modes and responses moved toward the unstable state. Also, at the 150 Km HVDC line length, the system responses were unstable at DC-link control bandwidths of 10 Hz and 20 Hz. In the case of weak ac onshore grid, the DC-link dynamics may become unstable. In this paper, the effect of grid short-circuit power on the DC-link voltage response was studied. It was shown that the response of the under study system is unstable when the short circuit power of the onshore grid is 500 MVA or less. 
Appendix A
